Sorghum bicolor (L.) Moech is the fifth most important crop in the world. Recently, its agronomics and genetics have drawn interest among scientists. Sweet sorghum, a variety of sorghum, may potentially become a bioenergy source because of the high sugar content in its juicy stems. Exploring the diversity of sweet sorghum around the world is important to the development and improvement of the crop as an energy source. In exploring the diversity of sweet sorghum, three types of markers (simple sequence repeats [SSR], sequence-related amplified polymorphisms [SRAP], and morphological markers) are used on 142 sweet sorghum accessions from around the world. The accessions show a high significance (P < 0.05) for all the morphological traits measured. The morphological markers cluster the accessions into five groups based primarily on plant height (PH), anthesis data (AD), and moisture content (ML), with the principal component analysis (PCA) showing these traits to explain 92.5% of the total variation. The furthest accessions were PI571103 from Sudan, and N99 from the United States. The Nei's genetic standard distances ranged from 0.024 to 1.135 and 0.078 to 0.866 for SSR and SRAP, respectively. As expected, accessions of the same origin or breeding history had the lowest genetic distance (e.g. Mokula and Marupantse, both from Botswana; NSL83777 and NSL83779 from Cameroon). Neighbor joining clusters the sweet sorghum accessions into five major groups using SSR and four major groups using SRAP, based on their origin, or breeding history. The three marker types complement each other, and the presence of accessions of different origins across clusters indicate similar genetics, and evidence of germplasm movement between countries.
cloning [11] [14] . Molecular markers are basically nucleotide sequence corresponding to a physical position in the genome, and their polymorphisms between accessions allow the pattern of inheritance to be easily traced [11] . The availability of molecular markers to assess diversity is a quicker way to help breeders select suitable lines/genotypes for crossing. The use of molecular markers as a tool to assess relatedness in and between cultivated and wild sorghum have been successfully used [1] [15]- [19] . PCR-based markers are widely used in fingerprinting crops because of their high level of polymorphisms [20] and their ease of detection [21] . Several PCR-based markers vary in their complexity, reliability, and information generating capacity.
Simple sequence repeats (SSR), also known as microsatellites, are based on tandem repeats of one to six core nucleotide elements. These codominant markers are dispersed throughout the genome, and have multiple alleles that often have conserved loci between related species [11] [22] . Powell et al. [23] stated that SSRs are able to discriminate among closely related individuals and have advantage over other markers in their ability to trace pedigrees in plants. Therefore, SSRs have been used in a variety of genetic studies such as diversity analysis, quantitative trait locus mapping, gene tagging, and cultivar identification.
Several studies involving either SSR markers alone or in combination with other marker types have been conducted on sorghum varieties [5] [24]- [27] . Polymerase chain reaction made possible the development of many other marker methods. Schulman [11] indicated that some marker methods detect specific, cloned, and sequenced targets in the genome, while others use conserved or general primers that amplify from many anonymous sites throughout the genome.
Sequence-related amplified polymorphism (SRAP) markers are based on two primer amplification, which preferentially amplifies open reading frames (ORFs) or coding regions that result in a number of dominant and codominant markers [14] [28]- [30] . Li and Quiros [14] and Zhao et al. [30] explained that the forward primer amplifies the exon regions while reverse primer amplifies the intron and promoter regions. They also stated that the polymorphisms resulted from the variation in length of these exons, introns, promoters, and spacers among both individuals and species. Sequence-related amplified polymorphism markers are more reproducible, stable, and less complex [30] [31] , in addition to being more powerful in revealing the genetic diversity among closely related individuals than other marker types [32] . Sequence-related amplified polymorphism markers have also been used in a wide range of plant species such asalfalfa [28] , Brassica [14] , buffalo grass ( [28] , 2004b), cotton [33] , Cucubita [34] , tree peony [31] and wheat [35] [36] . Ferriol et al. [34] also reported that the information obtained from SRAP markers agreed with the morphological variations and evolutionary history of morphotypes more than that found with AFLP.
Several diversity studies of sorghum and/or its wild relatives [1] [15] [16] [26] are limited to either grain sorghum or to germplasm from or within an individual country. In this era, germplasm sharing is an important factor in breeding as breeders try to develop modern cultivars with improved agronomic performance. The use of molecular markers has proven to be an effective tool in assessing the genetic relatedness of different species [1] . Regarding this, many types of markers have been used in sorghum. These studies have revealed both a wide and narrow genetic variation between agroecological zones. Folkertsma et al. [37] indicated that there is a wide variability within accessions in the semi-arid regions of Africa. However, the south Asian accessions have narrower diversity compared to those in Africa. Therefore, it is important to establish the genetic similarity among some of the world germplasm collection of sweet sorghum, especially since its potential as an agro-industrial crop continues to draw more attention. Therefore the objectives of this study are to:
Examine the genetic variability within sweet sorghum germplasm from different regions of the world for traits associated with biofuel production.
Classify/group the sweet sorghum germplasm based on SSRs, SRAPs, and several morphological data.
Materials and Methods

Plant Material
One hundred and forty-two 142 sweet sorghum accessions were used in this study (Appendix 1). 
Agronomic Traits
The 142 sorghum lines and two check cultivars (M81-E and sugar drip) were planted under rain-fed conditions at Mead, NE during the 2009 growing season. The experiment was laid in an incomplete block design with 12 incomplete blocks of 12 entries each (12 × 12 alpha lattice) and two replications. Single row plots measuring five meters long with between row spacing of 0.75 m were over sown at the rate of 160,000 seeds per hectare. The seeding rate was assumed to compensate for situation where there might be low seed viability, and the final population density was on average of 140,000 plants per hectare. Four agronomic traits were measured and included anthesis date measured as the duration in days from planting to 50% of the plants within a plot were 1) shedding pollen; 2) plant height measured as the distance from the base of the plant to the tip of the panicle; 3) dry matter yield in Mg•ha −1 when plants had reached their physiological maturity; and 4) moisture content as the percentage difference between wet and dry biomass weight. Dry matter yield was calculated from a sample taken at harvest as follows: DM = (Dry weight of total 0.50 m row)/(plot area in m 2 ) then calculated as Mg•ha −1 . Plants were weighed immediately after cutting the 0.5 m samples, bagged, and placed into an oven at 120˚C -160˚C for ten days to completely dry the samples. Samples were reweighed to obtain the dry weight.
DNA Extraction and Marker Analysis
Genomic DNA of each accession was extracted from fresh leaf tissues from plants planted in the greenhouse using cetyltrimethyl ammonium bromide (CTAB) protocol [39] . The ground tissue was incubated in an extraction buffer (50 mM Tris-HCl, 25 mM EDTA, 1 M NaCl, 1% CTAB, 1 mM 1,10-phenathroline and 0.15% 2-mercaptoethanol) at 65˚C for one hour; then equal volume of chloroform:isoamyl alcohol (24:1) was added to the tissue mixture. After centrifugation at 3000 rpm, the supernatant was transferred to a new clean tube and DNA was precipitated with equal volume of cold isopropanol. DNA was air died at room temperature for one hour and then re-suspended in TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) with 20 ng RNase and incubated at 37˚C overnight. Equal volume of 24:1 chloroform:isoamyl alcohol was added to the DNA-RNase mix and centrifuged at 3000 for five minutes, and the resulting supernatant was transferred to new tube. Two volumes of cold absolute ethanol and 5 μl of 8 M ammonium acetate were added to the supernatant in order to precipitate the DNA. After centrifugation, DNA pellets were air dried at room temperature, and later re-suspended with 200 to 400 μl TE buffer, depending on the size of the pellet. DNA concentration was determined using a spectrophotometer (TKO 100 Fluorometer, Hoefer Scientific Instruments, San Francisco, California).
A collection of 82 oligonucleotide primer pairs that included 33 sorghum SSRs ( [40] ; Lubbock, TX [unpublished] ) and 49 SRAP combinations [14] [41] were synthesized, and marker assays were conducted following the procedure of Kuleung et al. [42] . A 25 μl total/reaction was used, which consisted of 75 ng genomic DNA, 100 ng primer pair, 125 μMdNTP, 50 mM KCl and 10 mM Tris-HCl, 2 mM MgCl 2 , and one unit Taq polymerase. The amplification procedure consisted of one cycle at 94˚C for three minutes, followed by 35 cycles of one minute at 94˚C, one minute at 55˚C to 58˚C for SSRs depending on the primer pair, and 47˚C for SRAPs, one minute at 72˚C, and final extension step at 72˚C for five minutes. The reaction was then cooled to a resting temperature of 4˚C and resolved by electrophoresis in 12% non-denatured polyacrylamide gels (37:1 of acrylamide: bis-acrylamide). The gels were stained in 1 µg/ml ethidium bromide for 10 minutes, distained in deionized water for 15 minutes, then photographed using the Gel Doc2000 (Bio-Rad, Hercules, Califorlia).
Data Analysis
Analysis of variance was performed on agronomic data using PROC MIXED, where incomplete blocks were treated as random effects. In the next step, principal component analysis using a correlation matrix from least square means (LSMEAN) was done using PROC PRINCOMP to determine the traits that account for most variation between lines. A simple Pearson correlation was done on the means of the four agronomic traits measured. Due to the large difference in the unit of each trait, agronomic data were standardized using the standard deviation of mean by PROC STANDARD. Afterwards, we used PLOC CLUSTER using "Average Linkage Cluster Analysis" based on Euclidean distance [43] for the clustering. Average Linkage algorithms were used for cluster analysis and then dendrogram was constructed using PROC TREE [44] .
Two genetic distance and clustering methods were used for the marker data to determine how the sorghum accessions grouped, using a band scoring of "1" to indicate the presence of an allele and "0" when absent. Polymorphism information content (PIC) values were calculated as per formula developed by Anderson et al. [45] , which assumes homologous alleles. Polymorphic information content is calculated as:
where P ij is the frequency of j th allele of i th locus, summed across all the alleles for the locus over all lines. A marker with a PIC value of more than 0.5 is considered highly informative, between 0.25 and 0.5 is considered informative, and less than 0.25 is considered slightly informative [46] . The genetic diversity was estimated by similarity index calculation from band sharing data of each pair of DNA fingerprints. Genetic similarity (GS) between cultivars i and j was calculated using all loci for both the SSR and SRAP markers according to Nei and Li's formula for estimating coefficient of similarity [47] [48] based on shared allele frequency. The formula is as follows:
( )
where S is the similarity coefficient, n ab is the number of bands common to A and B cultivars, n a and n b are number of bands in A and B cultivar, respectively. A similarity matrix was used to construct a similar dendogram by cluster analysis using the neighbor joining method to determine how sorghum accessions were related. The genetic distances were calculated based on Nei's [49] standard genetic distance, as follows:
/r, and Jxy = ΣΣ X ij Y ij /r with X ij and Y ij being the frequencies of allele i at j locus of populations X and Y, respectively [50] . Population genetics software (Version 1.2.30) was used for genetic distance calculation (http://bioinformatics.org/~tryphon/populations). The dendogram construction from the POPULATIONS program used the TreeView program (version 1.6.6) (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html; [51] ).
Results and Discussion
Agronomic Traits
Harvest was done at the same time for all lines. However, due to the wide range of maturity existing among them, some lines were past the physiological maturity stage at the time of harvest. The analysis of variance showed a highly significant differences (P < 0.01) for all the traits measured among sorghum accessions ( Table 1) . The anthesis data showed a wide range of maturity among the lines (70 to 147 days to anthesis) (Appendix 2). Plant height ranged from 76.0 cm to 423.8 cm, moisture content ranged from 45.4% to 80.6%, and dry matter yield weight ranged from 3.81 Mg•ha −1 for PI 276804 to 59.19 Mg•ha −1 for N99 (Appendix 2). PI 276804 is an Ethiopian landrace with moderate tillering and medium height (ICRISAT website), while N99 is an F 7 selection from a cross between a Fremont forage sorghum and Theis sweet sorghum [38] . Theis is a high biomass producer that may contribute to N99 high yield. There were highly significant correlations between anthesis date and plant height (r = 0.53 *** ), anthesis date and dry matter yield (r = 0.57 *** ), and plant height with moisture content and plant height with dry matter yield (r = 0.285 *** and 0.712 *** respectively) (see Table 2 ). Cluster analysis of agronomic traits grouped the lines into five main groups (Figure 1, Appendix 3) . Although the agronomic traits did not distinctly group lines according to their geographic origin/area, materials from the same area tended to cluster together within each group, indicating that their origin played a role in the selection or development of germplasm used (Figure 1 
Data obtained from the principal component analysis in which anthesis date, plant height, and moisture loss accounted for the 79.1% of the variation (i.e. principal component 1 and 2) supported the above reasoning ( Table  3 ). Principal component 3 was mainly associated with anthesis date, together with the first two principal components, which accounted for 92.5% of the variation. The two furthest genetic distances exist between accession PI 571103 (a landrace from Sudan) and N99 with distance of 7.818. On the other hand, the closest accessions were PI 569520 (a breeding line from Sudan) and ICSR90017 (a restorer line from ICRISAT), with a genetic distance coefficient of 0.189.
Molecular Marker Data
From the 33 SSR marker pairs screened, 29 produced 84 polymorphic alleles with a mean of 2.90. This was lower [26] observed, or the 3.4 that Schloss et al. [40] observed. The polymorphic information content of SSR markers ranged from 0.22 to 0.75 with a mean value of 0.52 ( Table 4) . These values were higher than those of 0.40 and 0.44 observed by Ali et al. [26] and Folkertsma et al. [37] , respectively. The differences may be attributed to the number of bands scored and the type of SSR markers used. Botstein et al. [46] suggested that markers with PIC > 0.5 be considered highly informative. Thus, we could conclude that the mean PIC value of 0.52 indicated that the markers used were highly informative. By using 72 US sorghums in their experiment, Ali et al. [26] reported PIC value range of 0.03 to 0.87. For each pairwise similarity estimate, a dendrogram was constructed using Nei's standard genetic distance [49] . The accessions were grouped mainly according to their origin or breeding history (Figure 2 ). Nei's standard genetic distance ranged from 0.024 to 1.135, with Marupantse and Mokula having the smallest genetic distance, while PI 154844 and NSL 55404 had the largest genetic distance, followed by NSL 55429 and NSL 87920, and PI 602982 and PI 571103 with a value of 1.099. Marupantse and Mokula are both from Botswana. Marupantse is an advanced/improved cultivar while Mokula is of unknown parentage. However, the two do not belong to the same sorghum race (kafir vs. durra-caudatum). PI 154844 is a landrace from Uganda and NSL 55404 is from India. However, both belong to the Durra race. NSL 53429 is a landrace from India, while NSL 87920 is from Cameroon; PI 602982 is a line developed in Mali with pedigree (SPV 35/E35-1)/CS 3541, and PI 571103 is a landrace from Sudan.
By using Nei's standard genetic distances [49] through neighbor joining (Figure 2) , cluster analysis grouped the accessions into five major groups. Group 1 consisted of germplasm mainly from East Africa (Sudan, Kenya, and Ethiopia), while Group 2 consisted of germplasm from different regions. Group 3 is occupied by Nebraska lines (released and breeding lines) and some Ethiopian germplasm. The largest group was Group 4, which consisted of 47 accessions, and occupied mainly by germplasm from Botswana and the US (particularly Nebraska). The SC accessions from Botswana might have been part of the late 1960s USDA sorghum conversion program, thus creating a link between Botswana sorghums and the US sweet sorghums, e.g. 65D, which is an introduction to Botswana from the United States, with unknown parentage. The last group was the smallest (nine accessions) and also had germplasm from different regions.
Within each major group, accessions from the same country/region grouped together to form smaller clusters. This is in agreement with Wang et al. [52] and Murray et al. [5] , who observed that both sweet and grain sorghums germplasm corresponded well with the geographic locations where the accessions originated. Since most of the accessions used were landraces with unknown parentage, it can only be assumed that accessions with the same origin may be highly related. However, those with known parentage such as the Nebraska breeding lines, the ones with similar pedigree, tend to cluster together. For example, the lines that have wheatland in their parentage (05C09882 [5] tan, 05C09881 [4] ppbmr, and 05C09892 [6] ppbmrsw, etc.) were closer to wheatland, while lines like 05C09889 [1] vtallsw grouped with N99. Ali et al. [26] reported that Dale, N108, Theis, Cowley, and Norkan clustered in the same major group but different subgroups. In this study, they were also in the same major group. From the 49 SRAP marker pairs screened, 40 polymorphic pairs produced 109 alleles, with a mean of 2.73 alleles. This value was lower than that of SSR markers. However, the PIC for SRAP was higher than that of the SSR because SRAP markers had lower allele frequency, and it ranged from 0.15 to 0.94 with a mean of 0.56 ( Table 4 different origins. The SRAP markers also grouped the accessions according to their origin or breeding history, although the groups were different from the SSR groups. The differences between markers in clustering the accessions may be due to differences in genomic regions amplified by each marker type.
Cluster analysis based on neighbor joining using Nei's standard distances produced four major groups ( Figure  3) . Group 1 was occupied by accessions from East and West Africa and consisted of 59 accessions. Group 2 was the smallest with 9 accessions mainly from East Africa. Group 3 consisted of germplasm from both Botswana and North and South America. Unlike the SSRs grouping, the Nebraska lines featured in this group were very few and were mainly the released ones. Finally, Group 4 consisted mainly of the Nebraska breeding lines with some ICRISAT and India accessions. The SRAP markers seem to have separated the accessions well based on their breeding and origin compared to SSRs. Budak et al. [32] reported that SRAP markers are suitable in showing true variation within and among buffalo grass cultivars. Zhao et al. [30] also observed SRAPs clustering seemed to agree with morphological classification, although that was not the case with this study.
This study focused more and was limited by the number of morphological traits measured as well as the number of field experiments conducted. When looking at other types of molecular markers, Ritter et al. [1] observed that clusters developed based on agronomic data could not approximate groupings produced by molecular markers. When looking at within group clustering, one could observe smaller subgroups aligned to each country or breeding program .The main difference between the marker clusters could be due to the differences in marker type. Simple sequence repeats amplified randomly in the genome, whereas the SRAP amplified from the open reading frames or promoters of genes. Therefore, based on the study, SRAP was more informative in grouping accessions based on their breeding history. 
II
Comparing the three clustering procedures, it has been shown that each data type has its own strength but all seem to reflect the breeding history of the germplasms. The morphological data grouped accessions were based primarily on plant height, which is one of the characters that breeders base their selection on. Therefore, what the molecular markers (particularly SRAP) showed was what potential genes were selected for in these accessions. Wang et al. [52] reported that most of agronomic traits are affected by different levels of population structure and may therefore contribute to the differences observed between clustering conducted with different marker data.
Conclusions
The agronomic and molecular marker data produced distinct cluster groups for the sorghum accessions evaluated. Although the groups were not identical, they complemented each other. The agronomic data clusters provided clues to which important characters separated individual accessions, while SSR clusters further narrowed the groups based on their origin. The SRAP markers then even refined the groups as they showed the breeding pattern/history of the accessions. Perumal et al. [25] made similar observations, indicating that a more comprehensive and composite index based on pedigree, morphological, biochemical, and molecular data is expected to improve accuracy of grouping individuals.
This study also showed that there was a considerable amount of germplasm movement across different regions of the world, and there is still a large genetic diversity even within some regions. For example, some of the lines that were far from each other came from the same region. Previous reports have also indicated that the diversity of sorghum is limited in certain regions compared to others. Therefore, sorghum improvement will benefit from this wide range of diversity, and germplasm exchange will be the key to the success of improving sweet sorghum cultivars as a source for biofuel. This study has also strengthened the point that the use of molecular markers is essential and beneficial to plant breeders. The molecular markers are used to compliment the agronomic data when pedigree information is limited or unavailable.
Appendix 1
List of germplasm accessions used in diversity study, their origin, year of registration and parentage. 
